Abstract Northeastern Pennsylvania has rapidly changed over the past 5 years from an area with no unconventional natural gas drilling, to the most productive shale gas region within the Marcellus shale play, causing concerns about environmental safety. One issue that has caught the attention of homeowners and media is the possibility that flowback fluids from drilling and fracturing processes have contaminated private water wells. Major and trace ion water chemistry was analyzed from 21 groundwater wells suspected by homeowners to be contaminated by flow-back fluids. These data, collected in 2012-2013, were compared to historical groundwater data, Marcellus flow-back fluid, and other sources of common groundwater contamination in rural areas (agricultural waste, septic waste, and road salt). Results from graphical and statistical tests indicate that flow-back fluids have not impacted these wells. However, some of the 2012-2013 wells do plot graphically within zones identified as waters that have been influenced by animal waste, septic, or road salt. The remaining 2012-2013 wells are geochemically similar to historical groundwater wells. These findings suggest that the major and trace element geochemistry of local groundwater in the northeastern Pennsylvania study area has not been detectably influenced by flow-back fluid spills.
Introduction
The recent rebound in US oil and gas production, driven by upstream technologies that are unlocking light tight oil and shale gas resources, is steadily changing the role of North America in the global energy trade. For example, the US is projected to become the largest global oil producer by mid2020s, overtaking Saudi Arabia (International Energy Agency 2012). These developments are also changing the geography of energy production in the United States; shale gas production in the Marcellus region has increased from less than 2 % of US natural gas production prior to 2007, to 20 % since then (US EIA 2012) . This profound change is particularly felt in northeastern Pennsylvania, which has gone from having no unconventional shale gas production to the most productive region within the Marcellus shale play. In addition to land use issues and the potential for induced seismic events, the potential for groundwater contamination from flow-back fluids used during the drilling and fracturing process is of particular concern to homeowners in the region.
Recent and rapid development of shale gas plays in the US has increased the risk of groundwater contamination. In the northeastern Pennsylvania counties of Bradford, Tioga, Lycoming, and Sullivan Counties there are nearly 3,000 drilled Marcellus shale wells (PADEP Spud Data Report 2013b) . Each one of these wells will be hydraulically fractured with an average of 19 million L of water, of which about 10-30 % will return to the surface (Chesapeake Energy 2012; Rassenfoss 2011) . This means somewhere between 1.9 and 5.7 million L of flow-back fluid per well will return to the surface in a relatively short amount of time. Conservatively, these gas wells will produce in total 5.7 billion L of flow-back fluid. This flowback has very high concentrations of total dissolved solids (TDS), averaging 160,000 mg/L, with varying concentrations of natural brine ions (including metals and naturally occurring radioactive material) and fracturing chemicals (including friction reducers, biocides, gelling agents, and surfactants) (Kargbo et al. 2010; Vidic et al. 2013) . In Pennsylvania, flowback is handled in numerous ways. Onsite, the flowback can be stored in 76,000 l tanks, pumped to plastic-lined impoundment ponds, or recycled for future use (PADEP Marcellus Shale Development 2013a). Offsite, flowback can be trucked away to a water recycling plant specifically designed for flow-back fluid, or trucked away to an injection disposal well (PADEP Marcellus Shale Development 2013a) . With all of these various storage, recycling, and disposal methods, potential exists for tears in plastic liners, leaks/breaks in pipes, and truck accidents, all which result in flowback entering the environment with the potential to contaminate groundwater.
In addition to the new threat of contamination from Marcellus shale flow-back fluids, there are more common rural contaminants, which include septic tank effluent, animal waste, and road salt. Septic systems are commonplace in rural areas, especially in Pennsylvania, which has more rural residents than any other US state, with approximately one quarter of all homes using on-lot septic systems (Fleeger 1999) . Poor maintenance of septic systems can result in elevated concentrations of chloride, sulfate, ammonia, nitrate, nitrite, organic nitrogen, total phosphate, fecal coliform bacteria, fecal streptococci bacteria, and total organic carbon (Hanchar 1991) . Other septic contaminants might include numerous household chemicals like bleach, ammonia, detergents, and other toxic substances (Waller 1994) . Barnyard runoff of animal waste is another common contaminant source in rural areas, primarily due to the over-application or improper application of animal waste as a fertilizer, resulting in contamination with similar biochemical profiles as leaking septic systems (Kreis et al. 1972) .Salt is also a prevalent contaminant of rural groundwater in regions that experience winter weather. Salt contamination can occur in areas where large stockpiles of road salt are stored, or areas near salted roadways. The main groundwater contaminants from road salt are sodium and chloride, although a common alternative is calcium chloride, which results in elevated calcium (Watson et al. 2002) .Thus, for common rural groundwater contaminants, the water's chemical profile can enable identification of the source of groundwater contamination, so that appropriate remediation actions can be taken. This is particularly critical in rural areas where homeowners are likely to get drinking water from private groundwater wells.
In the United States, more than 70 billion L of groundwater are consumed daily from both public and residential water wells (Kenny et al. 2009 ). In 2005, residential water wells provided 42.9 million people, 14 % of the United States population, with water, resulting in the withdrawal of 14 billion L per day (Kenny et al. 2009 ). In contrast to public water supplies, residential water wells are not required to meet the Environmental Protection Agency's (EPA) drinking water standards and homeowners are responsible for any testing of their well water. When homeowners suspect water well contamination, analysis of major, minor, and trace element chemistry including organic and inorganic ions can be used to determine the source(s) and severity of groundwater contamination. Further, a targeted suite of chemical analyses can be used to determine what type of well-head treatments might be effective at mitigating the esthetic or health problems (Musgrove et al. 2011) . Recent advances in analytical chemistry have led to more sophisticated methods to identify and detect trace groundwater contaminants (e.g., Hanchar 1991; Risch and Robinson 2000; Shelton et al. 2010; Musgrove et al. 2011 ). Although such sophisticated methods have proven to be a valuable tool for governmental agencies, corporations, and researchers, these methods are typically too costly or are unavailable for most homeowners who suspect local groundwater contamination. For many homeowners, a standard set of chemical analyses is often the first and most economical choice, as commercial laboratories are readily available. For example, in Pennsylvania, a basic water test might include: total coliform with E. coli, pH, turbidity, hardness, nitrate, TDS, iron, lead, copper, and chloride. A chemical analysis for these analytes would cost $150-$200. This water analysis offers a first step that, if anomalous or elevated values are found, could be expanded to test for other chemicals.
The goal of this work is to investigate the water chemistry of residential well water in four northeastern Pennsylvania counties (Bradford, Tioga, Lycoming, and Sullivan) to assess the likelihood of contamination from various sources. Groundwater samples collected in 2012-2013 were obtained from wells where homeowners suspected that contamination had occurred due to gas drilling operations. These recent data were compared to historical groundwater data and four possible sources of contamination: septic, agricultural waste, road salt, and hydraulic fracturing flowback. The objectives of this work are to: (1) resolve whether local groundwater resources are contaminated by flow-back fluids from shale gas fracturing operations in areas where documented spills have occurred, or from other non-shale gas-related sources; and (2) to do so using chemical analyses that are accessible to most homeowners.
Methods

Study area
Within the study area of Bradford, Tioga, Lycoming, and Sullivan counties in northeastern Pennsylvania (Fig. 1) (Fig. 1) . Land use consists of forest (61 %); agricultural crops (17 %); water (10 %); and fields (7 %) (USGS National Land Cover 2011). Urban areas make up only 5 % of the study area (USGS National Land Cover 2011). Physiographically, the study area is situated within the Susquehanna River Basin in the Appalachian Plateau Province (Commonwealth 2000) . Annual precipitation in the study area averages 91 cm (Fleeger 1999) .
The bedrock in the study area primarily comprises upper Devonian shales, mudstones, siltstones, and sandstones, overlain by varying thicknesses of glacial and fluvial sediments. The main Devonian strata are the Lock Haven and Catskill Formations, which account for 27.5 % and 31.5 % of all rocks exposed in the study area, respectively (PA Bureau 2001). The Lock Haven Formation comprises predominantly light olive gray interbedded fossiliferous marine mudstones, shales, siltstones, sandstones, and a few thin beds of conglomerate. The formation is crossed by numerous fractures and joints, which promote groundwater flow through the dominantly fine-grained rocks. The Lock Haven thickens toward the east of the study area, where it is *1,200 m thick (Taylor 1984) . Well depths in the Lock Haven Formation are typically 30-43 m, and well yields are typically 38-60 L/min (Fleeger et al. 2004 ).The Catskill Formation comprises a non-marine succession of greenishgray and grayish-red, fine-to coarse-grained sandstone and mostly grayish-red siltstone and shale (Taylor et al. 1983 ). The formation is crossed by numerous fractures and joints, which promote the flow of groundwater. The Catskill ranges in thickness from 580 m in central Pennsylvania to [2,600 m in eastern Pennsylvania (Harper 1999) . Typical well depths in the Catskill formation are 37-69 m, with typical yields of 38-76 L/min (Fleeger et al. 2004 ).
Pre-existing sources of water chemistry data Water well data for historical groundwater wells were obtained from the Pennsylvania Geological Survey's Water Resource Reports 56 (Taylor et al. 1983 ) and 58 (Taylor 1984) , and the US Geological Survey's report on Selected Groundwater Quality Data in Pennsylvania 1979 -2006 (Low et al. 2008 . The Pennsylvania Geological Survey reports consist of samples collected during the early 1980s that were analyzed for major cations, anions, trace metals, and nutrients only. The USGS report included major ions, minor ions, microorganisms, nutrients, pesticides, fungicides, herbicides, insecticides, radiochemicals, volatiles, and physical properties (Low et al. 2008 ). However, this study used only the major cations, anions, trace metals, nutrients, and physical properties, because they contained a sufficient number of samples, and were frequently the only analytes tested for in older samples. In total, 340 partial and complete sample results were available for the study area.
Marcellus shale flow-back data were obtained from a Pennsylvania Department of Environmental Protection file review of Form 26R, which is a mandatory annual chemical analysis report. Every operator in Pennsylvania producing Marcellus waste-in this case, liquid waste-is required to submit a Form 26R which includes a ''detailed chemical characterization of the waste'' (PADEP Bureau of Waste Management 2012). Examination of more than 500 Form 26R's revealed only 27 complete reports with the required chemical analysis. Using the well name, municipality, and county information provided on the Form 26R, the exact coordinates for each well could be identified by searching for the well on the PADEP Spud Data Report webpage. The content of these reports typically was very detailed and consisted of major cations, anions, trace metals, nutrients, volatile organic compounds, radiological parameters, and physical properties. However, this work only used the major cations, anions, trace metals, nutrients, and physical properties, to make comparisons with available groundwater data.
Data for groundwaters contaminated by animal waste, road salt, and septic effluent were collected from various USGS, EPA, state, and university reports (Hanchar 1991; Robertson et al. 1991; Risch and Robinson 2000; Jagucki and Darner 2001; Watson et al. 2002; Kreis et al. 1972; Panno et al. 2005) . This data also came from various locations, including the states of Texas, Tennessee, Indiana, Illinois, Ohio, and the province of Ontario. Although none of these data were from northeastern Pennsylvania, it was assumed that these results are comparable to contaminated groundwater in the study area, since contaminated groundwater chemistry should be similar regardless of geographic location with respect to major ions (Panno et al. 2006) . The compiled data from these reports often did not analyze a complete set of ions, but most samples did include the major cations and anions. In the end, data from 23 animal waste samples, 60 road salt samples, and 43 septic effluent samples were used for this study. Environ Earth Sci (2015) 73:8097-8109 8099 2012-2013 water chemistry data Well water samples from northeastern Pennsylvania were collected in Bradford, Tioga, Lycoming, and Sullivan counties from well owners who suspected some type of water contamination. Samples were solicited over a period of 2 months through advertisements in five local newspapers, as well as social media outlets. Of those who responded to these advertisements, only people with perceived water quality problems were included. The first groundwater sample was collected on December 18, 2012, and the last sample was collected on February 23, 2013. Of the 21 samples collected, 13 of the well owners claimed to have abnormal color, odor, or taste prior to nearby drilling, while 8 well owners believed their water issues started after or concurrent with nearby Marcellus activity. From the 21 samples collected, 10 were from Bradford County, 8 were from Tioga County, 2 were from Lycoming County, and 1 was from Sullivan County. By plotting the location of these wells in GIS it was determined that 18 of the 21 samples draw water from either the Lock Haven or Catskill Formation. This determination was based on the assumption that the well was not drawing water from alluvial material, but was screened in the uppermost bedrock aquifer. This assumption was validated from four water well logs that were available, which showed that each well was completed in bedrock.
Samples were collected using modified USGS field methods (US Geological Survey 2006). Wells were purged for at least 5 min to flush the pressure tank and pipe of stagnant water. Purging the well of three casing volumes of water was not necessary, because it was assumed the homeowner regularly used water for showering, toilets, dishwashing, and other uses that would have removed three casing volumes. Samples were withdrawn from the closest point to the well, which typically was at the base of the pressure tank, and was then placed into prepared sample bottles. This point was chosen because water collected here had not yet encountered any filtration systems or any housing pipe that might influence results. This location is also where natural gas companies and laboratory technicians collect water samples. Samples were kept refrigerated or on ice until analysis, which occurred within 7 days.
Chemical analyses were completed by Seewald Laboratory (Williamsport, PA), a Pennsylvania Department of Environmental Protection accredited laboratory. Each sample was analyzed for the following major ions, trace metals, nutrients, and physical properties: sodium (Na), potassium (K), calcium (Ca), magnesium (Mg), barium (Ba), strontium (Sr), manganese (Mn), iron (Fe), aluminum (Al), chloride (Cl), bromide (Br), sulfate (SO 4 ), arsenic (As), nitrate-nitrite as N, total Kjeldahl nitrogen, total nitrogen, alkalinity, and TDS. The following methods were used for the analyses: EPA 200.7; EPA 200.8; EPA 300.0; EPA 310.2; EPA 353.2; SM 2540 C; and SM 4500 (US EPA 2001; US EPA 1994; US EPA 1993; US EPA 1974; US EPA 1978; APHA et al. 1997 APHA et al. , 1999 .
Data analysis
To characterize and distinguish between historical (1980s) groundwater, contaminated groundwater, flow-back fluids, and 2012-2013 groundwater, several graphical and statistical methods were used. In this paper, results from Piper diagrams, cross-plots and discriminant analyses are shown, but additional methods, including box and whisker plots, Stiff diagrams, and summary statistics provided similar insights and are available in Reilly (2014) .
Piper diagrams and Cl/Br vs. Cl cross-plot diagrams were constructed for 1980s Catskill, 1980s Lock Haven, and 2012 groundwater samples, as well as flow-back-, road salt-, septic effluent-, and animal waste-contaminated waters using values for major cations and anions. Piper diagrams, which show where samples lie with respect to the major cation and anion chemistry, were created using an Excel macro (Halford 1999) .The Cl/Br vs. Cl cross-plot has been used in numerous studies (Panno et al. 2006; Whittemore 2007; Katz et al. 2010) , chiefly for separating road salt contamination from septic and animal waste contamination. In this study, the cross-plot was also used to identify a distinctive Cl-Br signature of Marcellus flowback. A simple mixing model was also created to determine if any of the contaminated or groundwater samples approached the flow-back Cl-Br chemistry.
Discriminant analysis was used to determine if any of the 2012-2013 groundwater samples were impacted by flowback or other contaminants. These tests were performed in the statistical program JMP Ò 9.0.2. Discriminant analysis was selected for its ability to assign unknown samples, to a known group. The analysis measures the distance from each point in the data set to each group's multivariate mean, and then classifies the point to the closest group. The distance measured is the Mahalanobis distance, which takes into consideration the variance and covariance between the variables. Specifically, linear discriminant analysis was performed on the data, which assumed that the Y variables are normally distributed with the same variances and covariances, while there are different mean values for each group defined by X. Prior to analysis, data were converted to log normalized data using the straight transformation equation log(X ? 10 -X smallest ), where X is the sample value and X smallest is the smallest value in the dataset (Lowry 2014) . This transformation allows the data to have a more Gaussian distribution, minimizing the effect of outliers and skewness on the analysis (Lowry 2014) .Discriminant analysis provided a method for distinguishing between groundwater, animal waste, septic effluent, road salt, and Marcellus flow-back groups. This type of analysis uses a common withincovariance matrix for all groups. Data from this matrix are compared through multivariate F tests, which determine whether or not there are any significant differences in variables between groups (Poulsen and French 2013) . Once the group means are found to be statistically different, discriminant analysis determines an optimal combination of variables, so the first discriminant function provides the Environ Earth Sci (2015) 73:8097-8109 8101 most overall discrimination between the groups, while the second discriminant function provides the second most (Poulsen and French 2013) . Next, a canonical correlation analysis is performed that will calculate the successive functions and canonical roots, which will be used to classify samples. Finally, the samples get classified into the groups in which they had the closest discriminant scores and are assigned a probability of falling in that specific group (Poulsen and French 2013) . The discriminant analysis assumed that the 2012-2013 samples belong to one of the groundwater or contaminant groups, and not some unanalyzed contaminant group, and assigned all of the 2012-2013 samples to one of previously defined groups. Multiple discriminant analyses were undertaken using various combinations of the parameters (Reilly 2014) . Here, only the best-performing analysis based on percent misclassification of the 1980s groundwater and contaminant groups is reported.
Results
Water quality
The water quality for the 1980s Lock Haven and Catskill Formations commonly exceeds several EPA secondary drinking water standards (SDWS). In the Lock Haven Formation, 57 % of samples exceeded the SDWS for aluminum, 44 % for iron, and 51 % for manganese (Table 1 ). In the Catskill Formation samples, the percent of samples exceeding the SDWS was 66, 24, and 26 % for aluminum, iron, and manganese, respectively. The Lock Haven samples had on average higher concentrations than the Catskill aquifer for these ions, primarily caused by the difference in lithology between the Lock Haven and Catskill aquifers. These ions are not harmful at the observed concentrations; however, they are esthetically undesirable, since they leave a metallic taste in the water and can stain clothing and sinks (e.g., Colter and Mahler 2006) . The 2012-2013 groundwater samples, predominantly from the Catskill and Lock Haven Formations, exhibit ion concentration ranges that fall within 1980s Lock Haven and Catskill concentration ranges 96 % of the time. SDWS, for aluminum, iron, and manganese, were exceeded in 10, 24, and 43 % of the wells sampled in 2012-2013, which is lower for aluminum, and similar for iron and manganese compared to the 1980s data (Table 1) . However, unlike the 1980s groundwater data, concentrations of arsenic in modern samples exceed the EPA maximum contaminant level in 14 % of wells, which is notably higher than the 7.5 % exceedance in historic groundwater wells. Similarly, concentrations of nitrate-nitrite as N were elevated in 5 % of wells, compared to 0 % in historic groundwater wells.
The remaining secondary and primary drinking water contaminants of chloride, sulfate, TDS, barium, and strontium were not exceeded in any of the wells in the 2012-2013 dataset.
Major ions comparison
Piper diagrams for the 1980s Lock Haven and Catskill groundwater samples indicate that the majority of the samples plot within the calcium bicarbonate zone (Fig. 2) . Some of the samples also plot in the sodium bicarbonate zone, which is often indicative of groundwater with older residence times (Heisig 2002) . Mean compositions of 1980s Lock Haven and Catskill also plot in the calcium bicarbonate zone.
All but one sample of Marcellus shale flow-back plot in the sodium chloride water zone, with the mean composition, also fall within this zone (Fig. 3a) . To understand how the plotting position of flow-back fluid might change as it mixes with local groundwater, a mixture of 1 % of the mean flow-back chemistry and 99 % of the mean Lock Haven groundwater was plotted. With 1 % flowback and 99 % Lock Haven groundwater, the mixture only moves away from the flow-back samples slightly. Yet, if the flowback concentration is decreased to only 0.1 % then this concentration is within the range of the 1980s groundwater, so dilute flow-back contamination would not be detectable by this analysis.
Piper diagrams of other potential contaminants plot in various water zones (Fig. 3) . Groundwater samples contaminated by animal waste mostly plot in the calcium bicarbonate water zone, which is where the group mean also plots. The septic tank effluent samples encompass a large area of the Piper diagram; however, the group mean is located in the sodium chloride water zone. This variation in septic tank chemistry may be due to the discharge of water softener salts and other household chemicals into the septic system (Mullaney et al. 2009 ). Groundwater samples contaminated by road salt mostly plot from sodium chloride waters toward calcium bicarbonate waters, with the average plotting within the sodium chloride water zone. This variation among road salt samples is most likely caused by dilution with various groundwater chemistries.
The 2012-2013 groundwater samples plot similarly to both Lock Haven and Catskill groundwater samples (Fig. 2c) . Fourteen samples plot in the calcium bicarbonate water zone; six samples plot in the sodium bicarbonate zone; and one sample plots in the calcium chloride water zone. Although all of these samples fall within the Catskill and Lock Haven sample range, the one calcium chloride sample sticks out from the group. This sample (Tioga-8) plots within the range of septic effluent, road salt, and animal waste. (Fig. 4) . The number of data points that could be plotted on the crossplot was greatly limited by the lack of bromide data for many of the samples. Only 14 Lock Haven and 1 Catskill sample were plotted. From the 21 2012-2013 groundwater samples, only three had detectable levels of bromide (C0.1 mg/L). For the remaining 18 samples that did not have detectable levels of bromide, these samples were plotted using half the bromide detection limit. Although this approach of using half of the detection has potential limitations, its use here is appropriate for ion ratio comparisons when non-detect values are present, in contrast to quantitative statistical analysis (Helsel 2006) .
The 1980s Lock Haven and Catskill groundwater samples generally have low chloride and low Cl/Br ratios relative to the various possible contaminants (Fig. 4) . Groundwater contaminated with septic effluent and animal waste plotted in the same region as each other, with somewhat higher chloride and Cl/Br ratios than the local groundwater. Road salt samples plotted over a wide range, as found with the Piper diagrams, but generally had higher chloride and Cl/Br ratios than the septic effluent-and animal waste-contaminated waters. The Marcellus flow-back points plot distinctly away from the other groups, with extremely high chloride concentrations but low Cl/Br ratios.
For the three samples from 2012 to 2013 with detectable bromide, one sample (Tioga-8) clearly plots among the septic effluent and animal waste samples. Another sample (BR-5) plots on the edge of the groundwater and contaminated samples. The final sample (BR-6) plots close to the 1980s groundwater samples. Of the 18 samples with nondetected bromide, six additional samples, (BR-1, Tioga-2, BR-2, Ly-2, BR-3, BR-7) may also be contaminated with septic effluent, animal waste, or road salt, if bromide concentrations are indeed at half of the detection limit. These results are suggestive, but not definitive because of the bromide non-detection.
Even mixtures of flowback and groundwater plot distinctly away from the groundwater and other contaminated waters. A mixing zone was calculated from points that represented 10 % flow-back with 90 % Lock Haven and Catskill groundwater and 1 % flowback with 99 % Lock Haven/Catskill groundwater. If 2012-2013 groundwater had been contaminated with flowback, it would be expected that some samples would either plot within or near this mixing zone. However, this trend is not observed for any of the 2012-2013 samples. As with the Piper diagrams, the cross-plot provides no evidence for flowback contamination in northeastern Pennsylvania residential groundwater.
Discriminant analysis
As a check on the results of the Piper diagram and crossplot, and to further identify any sources of contamination in the 2012-2013 samples, a discriminant analysis test was conducted using the variables of Ca, Mg, Na, Cl, Cl/SO 4 , Ca/SO 4 , HCO 3 /Mg, and HCO 3 /Cl. This combination of variables was chosen because the data were widely reported for the 1980s groundwaters and contaminants and to maximize the correct classification rate of those samples. However, only 4 of the 26 flow-back samples contained all The discriminant analysis correctly classified 82 % of the known samples (Table 2) , with the strongest performance for animal waste (91 % correct) and the weakest performance for septic effluent (63 % correct). Samples contaminated with septic effluent were also classified as uncontaminated groundwater, animal waste contaminated, and road salt contaminated. Three of the flow-back samples were correctly identified as flowback, while one sample was identified as road salt. The one flow-back sample identified as road salt was a sample that had relatively low chloride concentrations more similar to elevated road salt samples. Finally, 89 % of the 1980s groundwater samples were correctly classified, and no attempt was made to distinguish Catskill and Lock Haven groundwater. Of the misclassified 1980s groundwater samples, all were classified as contaminated with septic effluent.
The discriminant analysis showed that 18 of the 2012-2013 samples were identified as groundwater, while two samples (Tioga-2; Tioga-8) were classified as septic effluent (Table 3) . One sample, Br-5 could not be assigned a group because it had a non-detect value for sulfate. The classification probabilities for the 2012-2013 groundwater samples show a good separation between the groundwater and contaminated groups. For example, the 2012-2013 samples that were classified as groundwater have a minimum, mean, and maximum probability of 53, 91, and 99 %. The two samples classified as septic effluent had a 58-60 % probability of being assigned to that group, and based on the classification of known samples in Table 2 , there is a low probability (0-11 %) of water from another group being classified as septic effluent. Every sample had a 0 % probability of being Marcellus flowback, \3.5 % probability of being animal waste contaminated, and \6.5 % probability of being road salt contaminated. These results suggest that septic effluent is the most likely source of contamination of residential well water in northeastern Pennsylvania.
Discussion and conclusions
Through an analysis of major ions using an experimental approach that is within the budget of most rural homeowners, this study has determined that Marcellus shale flowback has not detectibly impacted the 21 northeastern Pennsylvania groundwater wells that were sampled for this project. However, these methods do provide evidence for contamination by animal waste, septic effluent, or road salt for some of the 2012-2013 groundwater samples. Piper diagrams, a chloride versus Cl/Br cross-plot, and discriminant analysis were all effective at distinguishing between groundwater and flowback. None of the 2012-2013 samples even trended toward the mixing zone between groundwater and flow-back fluid. Piper diagrams were not effective at distinguishing between road salt, animal waste, and septic tank effluent, due to sample overlap. These contaminated samples also overlapped with the groundwater samples making it difficult to distinguish between the groups. The chloride versus Cl/Br cross-plot effectively distinguished between Marcellus flowback, road salt contaminated water, and groundwater, but the animal waste-and septic effluent-contaminated samples overlapped with each other and with the groundwater data. The power of the cross-plot was also limited by the nondetection of bromide in a high number of samples. Discriminant analysis was successful at classifying which group the 2012-2013 samples most likely belong to. The analysis was effective at classifying the groundwater and contaminant groups and only misclassified 18 % of the samples.
If local groundwater in the study area had been impacted from flow-back spills, elevated chloride concentrations in water wells in proximity to Marcellus wells would be expected. However, analysis of the chloride concentrations in 2012-2013 groundwater data as a function of distance to the nearest Marcellus well indicates that there is no discernible correlation (Fig. 5) . Further, none of the 2012-2013 samples even exceed the EPA secondary contaminant level for chloride (250 mg/L). In contrast, a recent study in this region showed that the concentration of methane contamination in groundwater wells was directly related to the distance from the water well to nearby gas wells; however, they found no evidence for any contamination of drinking water samples with deep saline brines or fracturing fluids (Osborn et al. 2011 ). This trend was likely related to the presence of fractures and joints within the aquifer layers that may allow communication between undocumented and poorly constructed historical gas wells with nearby drinking water wells that are in the vicinity of newly installed gas wells. This highlights the need to understand how local hydrogeological conditions may influence contaminant transport in addition to identifying the geochemical profile of potential contaminants. Throughout each of the analyses, one of the 2012-2013 samples was identified as being contaminated from septic effluent or animal waste, in contrast to the other water samples. This sample, Tioga-8, was located on a dairy farm with a septic tank and where animal waste is present and plentiful. Examining this well's chemistry also showed that this sample had a nitrate-nitrite as N concentration of 14 mg/L, which was the only water sample with nitrate-nitrite above the EPA maximum contaminant level. However, the well owner never considered contamination from septic or animal waste and instead was suspicious of a Marcellus gas well 1,006 m away. This exemplifies the need for improved communication between state regulatory groups and water quality experts to provide better information and practical solutions to rural well owners regarding the potential threats that are in their own back yard, such as septic tanks, animal waste, or fertilizers.
In this region of rural northeastern Pennsylvania, hydraulic fracturing and natural gas extraction have captured public attention and generated substantial concern about the potential for residential well water contamination. The results of this study suggest, however, that septic effluent is, at present, a more common contaminant of local groundwater. Based on the discriminant analysis, 10 % of the wells sampled in 2012-2013 were contaminated by septic effluent, which is strikingly similar to the 11 % of 1980s groundwater samples that were classified as septic effluent. This is congruent with findings that septic effluent contamination is the most common cause of groundwater contamination and waterborne disease outbreaks in the United States (Yates 1985) . Relatively inexpensive well water testing, such as that done within this study, may be a useful tool for reassuring home owners of the low -were not plotted, because it was unclear whether the data were absent due to lack of detection or lack of testing for that ion 
